Isolation by monoclonal antibody of intercalated cells of rabbit kidney  by Koseki, Chizuko et al.
Kidney International, Vol. 33 (1988), PP. 543—554
Isolation by monoclonal antibody of intercalated cells of rabbit
kidney
CHIzuKo KosEiu, YASUNORI YAMAGUCHI, MITSURU FURUSAWA, and HIT08HI ENDOU
Department of Pharmacology, Faculty of Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113; and Laboratory of Embryology, Department
ofBiology, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558, Japan.
Isolation by monoclonal antibody of intercalated cells of rabbit kidney.
We produced a monoclonal antibody, G6, that reacts only with one
cell type in the connecting (CNT) and collecting tubules (CT) of rabbit
kidney. The )436 antibody-reactive cells revealed carbonic anhydrase
activity, showing one of the characteristics of intercalated (IC) cells.
Using immunoelectron microscopy, we demonstrated that IC cells in
cortical CT consist of the yG6 antibody-reactive and non-reactive cells,
whereas all IC cells in medullary CT were reactive with the yG6
antibody. We used a cell sorter to enrich this cell type from the isolated
kidney cell suspension. When we measured hormone-sensitive adenyl-
ate cyclase (ACase) activities of the sorted cells, the presence of
parathyroid hormone (PTH) and isoproterenol (ISO) almost doubled
ACase activities when compared with the basal values; however, no
additive effect of PTH and ISO was observed. They showed no
calcitonin-sensitive ACase and negligible arginine vasopressin (AVP)-
sensitive ACase. We suggest that the IC cells recognized by the )G6
monoclonal antibody possess a receptor(s) for PTH and/or ISO but not
for AVP in the CNT and CT, although it remains to be clarified whether
the reactivities to PTH and ISO in these cells originate from single or
dual cells.
The nephron, the functional unit of the kidney, is composed
of various segments possessing specific structures and func-
tions. The distally located segments, the connecting tubule
(CNT) and the collecting tubule (CT), consist of three, morpho-
logically different cell types 11—3]: the intercalated cell (IC cell),
the principal cell (PC cell) of the CT, and the connecting tubule
cell (CNT cell) and the IC cell of the CNT. These adjacent cells
have been shown to differ in enzyme localization [4—6], transmem-
brane potential [7, 8] and mineralocorticoid responsiveness [9,
10]. Recently, Morel and coworkers [11—15] have identified
hormone-sensitive adenylate cyclases (ACases) within single
rabbit nephron segments. Owing to cell type heterogeneity in
the collecting duct system [2], the hormone sensitivity of the
different segments is assumed to be the sum of the sensitivities
of the contaminated cell types. It is generally believed that each
cell type has its specific receptors and its specific functions. It
appears useful to isolate the cells in order to study the specific
cell types and investigate their functions.
Several authors have reported the isolation of cells from the
thick ascending limb of Henle's loop (TAL) [16] or from the
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proximal tubule (PT) [171 by means of density gradient centrif-
ugation, and the separation of renin active cells [181 or PT cells
from the cortex [19] by means of free-flow electrophoresis.
However, it is difficult to obtain a pure population of specific
cells uncontaminated with other cell types.
The hybridoma technique developed by Köhler and Milstein
[20] allows us to obtain monoclonal antibodies against cell-
specific antigens [211. Using such antibodies, it may be possible
to isolate a pure population of cells by immunoadsorption or
with a cell sorter. Recently, Garcia-Perez and Smith [22]
succeeded in culturing the cells immunoadsorbed with mono-
clonal antibodies specific for canine cortical collecting tubule
(CCT) cells. Herzlinger, Easton and Ojakian [23] have reported
that a monoclonal antibody recognizing a surface determinant
of MDCK cells exclusively binds to the epithelial cells of TAL
and distal convoluted tubule (DCT) in the adult dog kidney.
Although these investigators obtained some monoclonal anti-
bodies which recognized the cells constituting a definite seg-
ment, they have not yet succeeded in producing an antibody
against a single cell type in such segments.
In this paper, we report the production of a monoclonal
antibody that reacts with only one single cell type, revealing
some characteristics of IC cells in CNT, CCT, and medullary
collecting tubule (MCT). Using this antibody in conjunction
with a cell sorting system, we could enrich a specific population
of cells in the CNT and CT from a whole kidney cell suspen-
sion. Moreover, we have investigated the hormone responsive-
ness of these isolated cells.
Methods
Animals
Experiments were performed on male New Zealand White or
Japanese White rabbits (2 to 2.5 kg body wt). All animals were
fed a standard diet and had free access to tap water.
Immunization of mice and cell hybridization
Nephron segments were isolated according to the procedure
described below. The following segments were pooled and used
for the immunization: TAL, DCT, CNT, and CT. Samples
stored at —80°C were injected intraperitoneally with complete
Freund's adjuvant into 6-week-old female BALB/c mice. Mter
three weeks, a booster without the adjuvant was administered,
and 72 hours later hybridization was carried out [20].
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Cell hybridization was performed as follows. Splenocytes
(about 2 x 108) were fused with approximately 5 x l0 P3-X63-
Ag8-Ul myeloma cells in RPM! 1640 medium (Gibco Labora-
tories, Grand Island, New York, USA) containing 43.5% poly-
ethylene glycol 4000 and 13% dimethyl sulfoxide (Merck Japan,
Ltd.). The cells were cultured in 96-well microtiter plates in
RPMI medium containing 10% fetal calf serum and hypoxan-
thine/aminopterine/thymidine at 37°C with 5% CO2 in a humid
atmosphere.
Screening and cloning of hybridoma
On the tenth to fourteenth day after hybridization, superna-
tants from the wells were assayed against kidney plasma
membrane fraction [24] by the enzyme-linked immunoadsorb-
ent assay (ELISA). Peroxidase-conjugatcd goat antimouse im-
munoglobulins (Cappel Laboratories, Cochranville, Pennsylva-
nia, USA) bound to antigen-antibody complex were incubated
with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (Wako
Chemicals, Japan) and H202 to produce color.
The supernatants from the positive wells of ELISA were
applied to 2 jim thick paraffin sections of rabbit kidney and
viewed by indirect immunofluorescence microscopy.
Paraffin sections of kidney fixed with 2% paraformaldehyde-
0.075% lysine-0.Ol NI sodium periodate in 0.0375 NI phosphate
buffer, pH 7.4 (PLP fixative) [25] were stained with 0.5%
toluidine blue in phosphate-buffered saline after removing par-
affin. Then the stained sections were incubated with hybridoma
supernatant for 30 minutes at room temperature; preparations
were washed and allowed to react with 1/20 diluted, FITC
labeled goat, antimouse gamma globulin (E.Y. Laboratories,
USA) for 30 minutes at room temperature. Control sections
were treated with a monoclonal antibody against Xenopus
laevis embryo in parallel, in order to examine specific binding of
the tested antibody. Each sample was observed using a fluo-
rescence microscope (Nikon, Optiphoto EF, Japan) and photo-
graphed with Kodak Ektachrome film upgraded to 1600 ASA
(Eastman Kodak, Rochester, New York, USA). The same field
was subsequently photographed with normal light.
Hybridomas were cloned by limiting dilution in microtiter
wells seeded with BALB/c mouse thymocytes. Positive wells
containing single clusters of hybridoma cells were recloned
three times. Hybridomas were frozen in liquid nitrogen in RPM!
medium containing 10% fetal calf serum and 10% dimethylsulf-
oxide.
Preparation and indirect immunofluorescence of isolated
kidney cells and nephron segments
Isolated cells from the kidney were prepared by the method
described in our previous paper [26]. Rabbits were anesthetized
with pentobarbital (40 mg/kg). Kidneys were perfused with
0.1% collagenase in Hanks' buffer and removed. For preparing
isolated single cells, the whole kidney was minced with a razor
blade and incubated in the same buffer solution bubbled with
5% CO2-95% 02 at 37°C for 50 minutes. The cell suspension was
filtered through a 40 jim nylon mesh to remove the undigested
nephron segments. The isolated cells were washed by centrif-
ugation at 1500 rpm for five minutes to remove the collagenase.
In order to microdissect the nephron segments, the perfused
kidney was treated with the same procedures as above, except
that it was sliced. After incubation, the nephron segments were
microdissected under a microscope using the method of Imbert
et al [27].
The isolated cells were labeled with the yG6 hybridoma
supernatant by indirect immunofluorescence method. The la-
beling procedures were done by the same protocol as used for
PLP fixed kidney sections, except that they were incubated on
ice and washed by centrifugation. The microdissected nephron
segments were transferred from the first well to a well filled with
cooled solution.
Antibody characterization
Hybridoma supernatants were reacted with paraffin sections
of kidney. Then the antibody bound to the antigen was reacted
with a second antibody, such as, rabbit antiserum specific for
mouse ic or y light chains; for whole molecular 1gM, IgA, and
IgG; and for individual mouse IgG subclasses (IgG1, IgG2,
'g02b, IgG3; Miles Lab., Inc., Elkhart, Indiana, USA). Mter
washing with PBS, each section was incubated with the third
antibody, FITC-labeled goat anti-rabbit immunoglobulins (Cap-
pel Lab., USA) diluted 1/20. Each section was examined by
fluorescence microscopy.
Identjfication of carbonic anhydrase activity in the cells
reacting with the yGó antibody
The kidneys fixed with PLP fixative were embedded in the
water soluble resin, JB-4 (Polysciences, Inc., Warrington,
Pennsylvania, USA). Histochemical localization of carbonic
anhydrase (CAase) activity was demonstrated by Loveridge's
method [28] in 2 jim thick sections. Cobalt deposited at sites of
alkalinization caused by the enzymatic dehydration of sodium
bicarbonate was visualized as cobalt sulfide with ammonium
sulfide. Each serial section was stained with the )436 monoclo-
nal antibody by the indirect immunofluorescence method, as
described above. The same fields in these serial sections were
photographed by a light microscope under a normal or UV light.
In order to examine the specificity of the CAase staining
procedure, sections were stained in the presence of l0 M
acetazolamide (Sigma Chemical Co., St. Louis, Missouri, USA).
Immunoelectron microscopy
To determine which cell type(s) reacted with the monoclonal
antibody, CCT and outer MCT were microdissected from intact
kidneys in Ringer's solution bubbled with 5% C02-95% 02 gas.
Using the method described by Burg et al [29], the isolated
tubules were perfused with the hybridoma supernatant for 15
minutes at 37°C. The immunostaining procedure was performed
by the method of Le Hir et al [30] as follows. The tubules were
washed for five minutes, perfused with 1/20 diluted peroxidase
conjugated, goat anti-mouse IgG (Cappel Lab.) in bicarbonate
Ringers solution for 15 minute, and then with Ringers solution
alone for five minutes, followed by glutaraldehyde fixative for
five minutes. All solutions were bubbled with 5% C02-95% 02
gas. The samples were stained with Karnovsky's reagent
(0.05% 3, 3'-diaminobenzidine, 0.01% H202 in 0.05 M Tris-HC1
pH 7.4) and postfixed with 0.5% 0s04 for 30 minutes. Prepa-
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rations were dehydrated with graded ethanol and embedded in
Spun's resin (TAAB Lab., England) for electron microscopy.
Ultrathin sections were stained with uranyl acetate and lead
citrate before observation. Control sections were treated with
the monoclonal antibody against Xenopus laevis embryo.
Cell sample analysis and sorting
The cells stained with the antibody and control cells were
suspended in l0 — 5 x 105/ml Hanks' solution.
Cell analyses and sorting were performed using a Cytofluo-
rograf Model 50-L (Ortho Instruments, USA). Analysis was
performed using a 488 nm argon ion laser beam at a power of 10
mW. The sample was analyzed with two parameters of fluores-
cence intensity and relative light scatter [311. The strongly
stained cells were sorted out.
Measurement of hormone-sensitive adenylate cyclase activity
ACase activity was measured by the method of Torikai and
Imai [32]. The cells were disrupted by rapid freezing and
thawing three times in succession, followed by hypoosmotic
shock with preincubation mediums, each containing one of the
four hormones to be tested. Amounts of cell protein used in
each assay were 0.5 to 1 g. After the reaction, the assay
samples were kept frozen at —80°C until radioimmunoassay of
cAMP was done.
The hormones used were [1—34] synthetic human parathyroid
hormone (hPTH) and synthetic eel calcitonin (eCT) (Toyo Jozo
Co. Ltd., Japan), arginine vasopressin (AVP) and (—)-isoprote-
renol-(+)-bitartrate (ISO) (Sigma Chemical Co. Ltd.). The final
concentrations of each hormone are given in the figure legends.
Measurement of protein amount and alkaline phosphatase
(Al-Pase) activity
Protein content of the sorted cells was assayed by the
procedure of Lowry et al, using BSA as a standard [33].
Al-Pase activity in the cell suspension was measured by the
method of Walter and SchUtt [34].
Sodium dodecyl sulfate or urea polyacrylamide gel
electrophoresis
Antigen binding with the G6 monoclonal antibody was
characterized by gel electrophoresis and transblot assay.
The microdissected CNT and CT were solubilized with 1%
sodium dodecyl sulfate (SDS) or 8 M urea and applied to 7.5%
polyacrylamide gels containing 0.1% SDS or 8 M urea for
electrophoresis. The samples were electrophoresed with the
electrode buffer adjusted to either pH 6.8 or 8.6. The electro-
phoresed samples were transblotted to a nitrocellulose mem-
brane with a pore size of 0.1 pm, and the antibody-antigen
complex was visualized with 4-chloro-l-naphthol (Merck Ja-
pan, Ltd.).
Results
Selection and characterization of a monoclonal antibody
binding to a specific cell type of the renal tubule
We succeeded in raising hybridomas producing monoclonal
antibodies that were shown by ELISA screening to bind to the
plasma membrane. Immunofluorescent microscopy of the par-
Fig. 1. The distribution of yG6 monoclonal antibody reactive cells in
rabbit nephron segments. (A) Photomicrograph of a microdissected
nephron arcade (x 100) TAL, thick ascending limb of Henle's loop;
MD, macula densa; DCT, distal convoluted tubule; CNT, connecting
tubule; CCT, cortical collecting tubule. (B) Indirect immunofluores-
cence micrograph of the same field as Fig. 1A. The cells comprising
DCT and TAL were all negative. The population of yG6 antibody
reactive cells increased gradually from CNT to CCT in a mosaic
pattern. The inset is a high magnification, photomicrograph of CCT (X
1000). At high magnification, the strong fluoresced cells were distinc-
tively identified as intercalated cells.
affin-fixed kidney sections revealed various patterns of antigen
localization.
One of the monoclonal antibodies, named )Q6, bound to the
membrane surface of a specific type of cell within the CNT and
CT in a mosaic pattern. The G6 monoclonal antibody was
characterized by indirect immunofluorescence assay as IgG3
containing K light chain (data not shown).
Immunofluorescence microscopy of microdissected nephron
segments
Microdissected nephron segments were observed by indirect
immunofluorescence in order to localize the antibody bound
cells within the nephron segments. Figure IA shows a light
micrograph of an arcade including portions of the thick ascend-
ing limb (TAL), distal convoluted tubule (DCT), connecting
tubule (CNT), and cortical collecting tubule (CCT). Figure lB is
a fluorescence micrograph of the same tubule as shown in Fig.
DCI
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lA. The cells that reacted with the yc:i6 antibody were localized
only in CNT and CCT and not in DCT and TAL. The population
of stained cells increased gradually from CNT to CCT. No
stained cells were observed in the glomerulus, the proximal
tubule (P1'), the thin descending and ascending limbs of Heñle's
loop, TAL, DCT, or the papillary collecting duct. The inset
shows a high magnification photomicrograph of CCT. The
strongly luminescent cells were located in a mosaic pattern.
Fluorescence microscopy on kidney sections
Figures 2A through D show fluorescent micrographs of
paraffin sections stained with the Q6 antibody. Figures 2A-D
are from sections of the cortical layer, outer stripe and inner
stripe of the outer medullary layer, and papillary layer, respec-
tively. Figures 2E through H are photomicrographs of the same
sections under normal light. The fluorescence intensity of
positive cells gradually decreased from the inner zone of the
inner stripe towards the inner medulla, and no antibody reac-
tion was observed in the papilla (Fig. 2D). In Figure 2A,
fluorescence was observed along the membranes of cells within
the CNT; in Figures 2A, B and C the luminal membranes
fluoresced strongly in CCT and MCT cells. The luminal mem-
branes of cells adjacent to the strong fluoresced cells were
negatively or faintly fluoresced in the CNT and CCT (Fig, 2A).
In the MCT of the outer stripe of the outer medulla (OMCTo)
these were weakly fluoresced (Fig. 2B), and the intensity of
fluorescence towards the inner stripe gradually increased (Fig.
2C). The positive cells were further observed in a mosaic
pattern in the inner stripe (Fig. 2C).
Identification of CAase activity in the yG6 reactive cells
Kidney tissue embedded in water soluble resin was cut into
serial sections (2 m thickness). We histochemically examined
whether the yG6 reactive cells have CAase activity. Figures 3A
and B show the indirect immunofluorescent staining of the )G6
reactive cells and the staining pattern of CAase activity in the
serial sections from the cortical portion, respectively. The
strong CAase staining on the brush border membrane of a
proximal convoluted tubule (PCT) negatively stained with the
G6 antibody (Fig. 3A) was observed in the left half of Figure
3B. Although the positive reaction of CAase activity in CT was
weaker than that of PCT, the darker staining would be detected
in the cells of this segment as indicated by single or double
arrows. When kidneys were fixed with 2.5% glutaraldehyde,
sections showed stronger positive reactions (not shown). This
fixative has, however, not been used in this demonstration in
order not to reduce the Q6 antibody reactivity with the
antigen. In Fig. 3A and B, single arrows indicate cells positively
labeled with both the yG6 antibody and CAase. The cells
pointed out by the double arrows show CAase activity (Fig. 3B)
but were not stained with the Q6 antibody (Fig. 3A).
In the inner stripe of the outer medullary collecting tubule
(OMCTi), CA activity was observed in almost all cells (Fig.
3D); however, antibody-positive cells formed only fraction.
G6-positive cells were approximately 10 to 30% in CNT and
CCT, and 50% in OMCTi. On the other hand, CAase-positive
cells amounted to approximately 50% in the CCT (Fig. 3B) and
to almost 100% in the OMCTi (Fig. 3D). In the presence of l0—
M acetazolamide, cobalt sulfide deposition was clearly lacking
in all sections (data not shown).
Immunoelectron micrograph of cells reacting with the yGó
antibody
In order to determine which type of cell reacted with the yG6
antibody, isolated perfused nephrons were stained by an immu-
noperoxidase method. Figure 4A shows an immunoelectron
micrograph from CCT revealing two types of IC cells (IC* and
IC) and a PC cell (PC). A positive staining reaction was clearly
demonstrated on the luminal surface membrane of some of the
IC cells (IC*), which showed a mitochondria rich cytoplasm,
numerous apical vesicles, and microplicae (Fig. 4B) or micro-
villi (not shown) on the luminal membrane. Other IC cells (as
judged by the above criteria) were not reactive by the
diaminobenzidine technique (middle cell of Fig. 4A). The cell
shown on the right in Figure 4A depicts the morphological
characteristics of PC cells: scarce microvilli, few mitochondria
and a light cytoplasm. This type of cell in CCT was devoid of
the diaminobenzidine deposition.
Figure 5A shows an immunoelectron micrograph of OMCTo.
A positive staining reaction was also clearly demonstrated on
the luminal membrane of IC cells. PC cells had little or none of
the immunoreactive deposition in OMCTo.
As shown in Figures 5B and C, the positive cells could
apparently be divided into two types of cells, those with
numerous microvilli, prominent apical vesicles, and abundant
mitochondria (Fig. SB), and those with microplicae, scarce
mitochondria, fewer apical vesicles, and a prominent rough
endoplasmic reticulum (Fig. SC). No cell from the control
sections labeled with the monoclonal antibody raised against
Xenopus Laevis embryo showed diaminobenzidine deposition
(not shown).
Sorting of -yG6 reactive cells
A cell sorting profile is shown in Figure 6. The histogram for
relative light scatter had a broad peak. The cytogram, shown as
scattered dots, was analyzed with two parameters of relative
fluorescence intensity (Y axis) and relative light scatter (X
axis). On a cytogram of a sorting system, the intensely fluo-
rescing cells could be distinguished from non- or weakly fluo-
rescing cells. To isolate the IC cells labeled with the antibody,
the area including cells which showed strong fluorescence was
selected, as shown by a window in the cytogram.
Fig. 2. Fluorescent micrographs of paraformaldehyde-lysine-periodate fixed paraffin sections. Distribution of the cells that reacted with the )Q6
antibody from four sections (x 400). (A) Cortical section: The positive cells in CNT and CCT formed a mosaic pattern. No positive cells were
observed in the other segments. Abbreviations are: GIm, glomerulus; PCT, proximal convoluted tubule; CNT, connecting tubule; CCT, cortical
collecting tubule. The outer (B) and inner (C) stripe of the outer medullary section where the positive cells in OMCTo and OMCTi were observed
in a mosaic pattern. No positive cells were observed in the other segments. Abbreviations are: PST, proximal straight ttlbule; MAL, medullary
thick ascending limb. (D) Papillary section: No positive cells were seen in this section. Abbreviation is: PCD, papillary collecting duct. E—H.
Photomicrographs with normal light of the same sections as in A—D. These sections were stained with 0.5% toluidine blue.
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Fig. 3. Histochemical localization of CAase activity in the yGó reactive cells (x 400). The sections of the cortical (A) and the upper portion of
the inner medullary (C) area embedded in water-soluble resin, JB-4 were labeled with the G6 monoclonal antibody by the indirect
immunofluorescenee method. The histochemical staining for CAase was demonstrated on the serial sections from each area (B and D). In the
cortex, the cells indicated by single arrows were labeled with the )06 antibody and showed CAase aetivit'. Those indicated by double arrows were
unlabeled with antibody but also showed CAase activity, The luminal membrane of PT was stained intensely, indicating high CAase activity on
the brush border membrane. In OMCTi, almost all cells showed CAase activity, and a partial population of those cells was labeled with the
antibody.
Figures 7A and B are micrographs of isolated kidney cells
stained with the )06 antibody. As clearly seen in Figure 7A,
some of the isolated cells were stained with the antibody,
indicating that the antigen faces the outside cell membrane.
Although many cells can be seen in Figure 7B, only a few cells
were visualized by indirect immunofluorescence (Fig. 7A).
When the positive cells were sorted out with a cell sorter, most
possessed fluorescence (Fig. 8A), indicating that the )436 reac-
tive cells were enriched. If the fluorescence micrograph of the
sorted cells (Fig. 8A) is compared with the same field under
normal light (Fig. 8B), a small number of negative cells are seen
contaminating the positive cells. The population of positive
cells was 4.1 0.5% (N 10) in the whole cell suspension and
$2.1 6.8% (N — 4) in the sorted cells. In order to examine the
contamination of PT cells, Al-Pase activity (a marker enzyme
of the brush border membrane) was compared with the whole
and the sorted cell suspensions, after each was passed through
the sorting system. The specific activities of this enzyme were
167.4 30.0 mU/mg protein (N 3) in the former and 5.4 2.8
mU/mg protein (N = 3) in the latter. Accordingly, the contam-
ination of cells or brush border membranes derived from the PT
to the sorted cells was roughly estimated at 3% of the amount of
protein.
Adenylate cyclase activity of the isolated whole cells
The hormonal responsiveness of the cell suspension prepared
from the whole kidney was measured in order to confirm the
hormone reactivities and to examine the effects of the antibody.
The basal ACase values of the cell suspension before and
after binding with the antibody were 31.0 11.7 and 23.6 12.2
pmol of cAMP formed/mg protein/30 mm, respectively. Percent
increases in ACase of the isolated whole cells after stimulation
with 100 ng/ml eCT, 10 U/mI hPTH, 10-6 at ISO, 1 mU/mi AVP,
and S X iO M NaF were 110 32%, 400 180%, 40 18%,
40 21%, and 1620 452% (mean SEat from 6 to 8),
respectively. The y06 antibody did not influence ACase activ-
ities by hormones and NaF using the whole cell suspension. In
order to examine whether hormone responsiveness changed as
a result of manipulation by a cell sorter, a similar study was
performed on whole cells that had been processed through the
cell sorter system. The hormonal responsiveness of the whole
cells was not reduced by the treatment with this system.
Hormone-sensitive A Case activities of the sorted cells
The hormone-sensitive ACase responsiveness of the cells
sorted using the )06 antibody is shown in Figure 9. Although
control values fluctuated from experiment to experiment, sig-
nificant increases in ACase activities were obtained with PTH,
ISO, and AVP in the paired t-test (P <0.05). With eCT, no
difference was observed.
Additive effect of PTH and ISO on the sorted cells
PTH and ISO were applied together to determine whether
they have an additive effect on the sorted cells. As shown in
Table 1, no additive effect in hormone sensitive ACase activity
was indicated by increases above the control values, in com-
parison with the increases seen when the hormones were used
singly. While significant increases in ISO and PTH-sensitive
ACases could be demonstrated, the basal values and increasing
amounts of cAMP caused by the hormones were somewhat
A
 
lower in this series of experiments than those shown in Figure extracted in ether or chloroform for about 30 minutes, or
9. incubated in 1% trypsin at 37°C for 30 minutes. The microdis-
sected CNT and CT used as the antigen source were solubilized
with 8 M urea and applied to a urea gel for electophoresis. The
antigen transblotted onto a nitrocellulose membrane was visu-
alized by an immunoperoxidase method. When the electrode
buffer was adjusted to pH 8.6, the antigen moved into the gels
(towards the cathodic site): if it was pH 6.8, this did not happen.
Accordingly, it could be speculated that the isoelectric point of
the antigen would be higher than p1 6.8.
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Fig. 4. linmunoelectron micrographs in an ultrathin section of CCT(X 6,000). (A) Diaminobenzidine deposition was clearly demonstrated on the
luminal membrane of IC* cell, which was classified as an IC cell on the basis of its morphological characteristics. Although the cell in the middle
(IC) also had the characteristics of IC cells, this was not labeled with the Q6 antibody. The PC cells were devoid of immunoreactive
diaminobenzjdine deposition, as shown on the right side (PC). (B) High magnification photomicrograph of the IC* cell (x 16,000). Abbreviations
are: IC*, intercalated cell reacted with the )G6 antibody; IC, intercalated cell unreacted with the G6 antibody; PC, principal cell.
Characteristics of the antigen binding with the -yG6
monoclonal antibody
The antigenicity of the connecting and collecting tubules was
lost by treatment with 0.1% Triton or 0.1% SDS for 10 minutes
but not with 8 M urea. The antigenicity in paraffin sections of the
kidney fixed with ethanol was not changed, even if it was
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Discussion
We used the hybridization method to obtain a hybridoma cell
line producing a monoclonal antibody, and named it yG6. The
present results demonstrate that (1) the )Q6 monoclonal anti-
body bound morphologically to a specific type of cell in CNT
and CT, having characteristics of the IC cells; (2) in CCT, two
types of IC cells could be distinguished, that is, y66 reactive
and unreactive cells; in contrast, in OMCTi, almost all IC cells
reacted positively with this antibody; (3) two subtypes of cells
with numerous microvilli and microplicae were observed in the
immunoreactive IC cells; (4) we succeeded in sorting these cells
from the CNT and CT with a cell sorter; (5) the ACase of the
sorted cells was almost doubled by the addition of either PTH
or ISO; (6) there was no additive effect of PTH and ISO
together in the sorted cells; and (7) the sorted yG6 reactive cells
showed no CT-sensitive ACase, and little AVP-sensitive
ACase.
Morphologic studies have already indicated that the mamma-
lian CNT and CT are composed of two or more heterogeneous
cell types, such as a dark (IC) cell and a light (PC) cell. In 1979,
LeFurgey and Tisher [11, using both scanning and transmission
electron microscopy (TEM), reported that two types of PC cells
and four types of IC cells existed in rabbit CT. In TEM, PC cells
located in the cortex and outer medulla were characterized by
few surface microvilli, a large nucleus, and a few elongated
mitochondria and cytoplasmic organelles; whereas IC cells
consisted of one type having numerous microvilli and abundant
mitochondria, and another having microplicae, scarce mitochon-
dna, and rough endoplasmic reticulum. Kaissling and Kriz [2]
have also pointed out that there were some differences in the
cytoplasmic electron density and in the formation of microvilli
of IC cells. Furthermore, Lönnerholm and Ridderstrâle [51have
reported that in CT, IC cells showed high CAase activity. The
cells recognized with the yG6 antibody may be classed as IC
cells, because these cells showed high CAase activity, abundant
mitochondria, dense cytoplasm, and luminal microvilli or mi-
croplicae.
The luminal membrane of the )'136 reactive cells had either
microvilli or microplicae. Stetson and Steinmetz [35] have
reported that the luminal membranes of CAase-rich cells (CA
cells analogous to IC cells) in turtle bladder were transformed to
microplicae from microvilli at increased CO2 tension. They
suggested that the apical vesicles might fuse with the luminal
plasma membrane in such circumstances, following the stimu-
lation of proton secretion. Although we perfused the nephron
segments with antibody-containing medium under 5% CO2 gas
for ultrastructural observation, these two morphological differ-
ences of the luminal membrane of the yG6 reactive IC cells
might reflect the cellular states—either stimulated or not—of
proton secretion. Recently, Stetson and Steinmetz have pro-
posed the possibility that CA cells may be divided into two cell
populations, a and 13 type, suggesting a capacity for HC03
absorption (H secretion) or HC03 secretion, respectively
[36]. Our results showed that CAase activity was identified in
about 50% of cells in CCT and in almost all cells in OMCTi.
These findings were consistent with those of Dobyan and
Bulger [37]. In CCT, the O6 antibody recognized only the part
of the cells which showed high CAase activity. Furthermore, at
the ultrastructural level the partial population of IC cells (IC*)
was identified by the yG6 antibody. Therefore, it may be
possible that the G6 unreactive IC cells (Fig. 4A) also have
CAase activity, although this has not yet been ascertained. It
will be necessary to investigate whether there is a correlation
between the ).G6 antibody positive (IC*) or negative (IC) IC
cells and the a and 13 type of CA cells in turtle bladder—that is,
corresponding to either HCO3 absorbing or secreting state.
Although fluorescence microscopy indicated that the antigen
was predominantly localized on the luminal surface membrane
of IC cells (Figs. 2A-C), the immunoperoxidase reaction prod-
uct and fluorescence were scarce on the luminal membrane of a
few PC cells. However, these weakly fluorescing cells could be
discarded by selecting the sorted window (Fig. 6). Although the
purity of the sorted cells was about 82.1 6.8%, the contami-
nation of proximal tubule (PT) cells and/or brush border mem-
brane fragments in these cells was approximately 3%, as
estimated by Al -Pase activity.
In our data using the G6 monoclonal antibody, the hormonal
responsiveness of the sorted cells indicated no response to a
stimulation by eCT, a slightly positive response to AVP (ratio =
1.2 0.1), and a clearly positive response to both PTH (2.3
0.3) and ISO (2.2 0.4). Chabardès et a! [12] have reported
CT-sensitive ACase activity to be high only in DCT and
medullary TAL. Therefore, the cells recognized with the yG6
antibody probably do not originate from DCT and medullary
Fig. 5. Immunoelectron micrographs in an u/trathin Section of the outer Stripe of the outer medullary collecting tubule. (A) Morphologically
heterogeneous PC and IC cells were observed. Only the intercalated cell which shows abundant microvilli and mitochondria reacted with the )Q6
antibody by the immunoperoxidase method. PC cells scarcely have the immunoreactive diaminobenzidine deposition (x 12,000). (B and C)
Subtypes of positive cells (x 15,000). The positive IC cells had two different configurations; one with numerous microvilli and abundant
mitochondria and the other with microplicae, prominent rough endoplasmic reticulum, and scarce mitochondria.
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Fig. 6. Profile of the cells reacted with yGO antibody and analyzed by
the cell sorter. The cytogram indicated by the dots shows a signal from
the single cells analyzed by relative fluorescence intensity (Y axis) and
relative light scatter (X axis). Both weakly and strongly fluorescing cells
were divided into two groups. The histogram of relative light scatter
showed a broad peak. The sorted area (strongly fluorescing group) is
shown as the sorted window.
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Fig. 7. Fluorescence micrograph of isolated cells that reacted with the a antibody. (A) The isolated cell suspension from a whole kidney was
incubated with )G6 hybridoma supernatant followed by indirect immunofluorescence staining. The cells that reacted with the antibody were clearly
seen (x 400). (B) Light micrograph of the same field as in A. A number of cells of various sizes were isolated from a whole kidney digested with
collagenase.
Fig. 8. Fluorescent micrograph of the sorted cells (x 400). (A) After sorting, almost all cells fluoresced. When A is compared with B, the cell
population is contaminated by a slight number of non-fluorescing cells. (B) Light micrograph of the same field as in A.
TAL. In fact, these segments showed no fluorescence of the
Q6 reactive cells (Fig. 1).
From the reports of Morel, Chabardès and Imbert-Teboul
[11] and Imbert et al [141, AVP-sensitive ACase in rabbit kidney
was abundant in CNT, CCT, and MCT. Although in the sorted
cells ACase was significantly increased by AVP, its responsive-
ness was not high. This increase might be mainly due to
contamination by the adjacent cells. The )436 reactive cells, if
they could be sorted without contamination, should prove to be
components of CNT and CT, which may have no AVP recep-
tor. If such is the case, our data would be supported by the
results of DiBona, Civan and Leaf 1381 and Dratwa, LeFurgey
and Tisher [391, in which only granular cells and not mitochon-
dna-rich cells were morphologically changed by vasopressin in
the toad urinary bladder, a tissue analogous to the rabbit's
collecting tubule.
The sorted cells responded positively to PTH and ISO,
although at levels lower than those of the microdissected CNT
[13, 151. Chabardès et al [13, 15] have reported that PTH- and
ISO-sensitive ACase activities were high in CNT but not in
CCT and MCT in the microdissected segments. Since PT cells
also possessed high levels of PTH-sensitive ACase activity, the
whole kidney cell suspension showed a 400 180% increase
from the basal value by this hormone. As we estimated that the
contamination of PT cells might be only 3%, up to 12% of the
130% increase in the sorted cells associated with PTH may
originate from proximal tubular components. Accordingly, we
speculate that the sorted cells may include component(s) with
PTH and/or ISO receptor(s) originating from the CNT, because
the population of the 4Ii6 reactive cells gradually increased
from CNT to CCT. However, the possibility cannot be ex-
cluded that responsiveness to PTH was derived from the cells in
the CNT, which were not reactive to the yG6 antibody, because
of the 82.1% purity of the sorted cells. When the sorted cells
were incubated together with PTH and ISO, no further increase
of ACasc activity by these hormones was observed than with
each of the hormones separately applied (Table 1). Chabardés
et al [15] have reported that PTH and ISO had an additive effect
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Fig. 9. Adenylate cyclase activities of the sorted cells. The concentra-
tion of hormones used were as follows: eCT; 100 ng/ml, hPTH; IOU/mi,
ISO; 10-6 M, and AVP; I mU/mi. The hormone-sensitive ACase
activities of these hormones were similarly distributed in the microdis-
sected segments in comparison with the data of Morel and his associ-
ates [11—15]. The dose response curves of cAMP formed in the whole
kidney homogenate were maximum for the hormone concentrations
given. The mean values of cAMP formed with or without the hormones
were as follows: without hormone (control); eCT 16.7 5.7, hPTH 16.6
5.7, ISO 22.5 7.3, AVP 23.6 8.8 (pmol of cAMP formed/mg
protein/30 mm); and with hormone (sample); eCT 17.0 6.9, hPTH
35.6 10.1, ISO 41.7 10.2, AVP 28.0 9.7 (pmol of cAMP formed!
mg protein/30 mm). The hormone responsiveness (sample/control ratio)
of the sorted cells were eCT 1.0 0.2, hPTH 2.3 0.3, ISO 2.2 0.4,
and AVP 1.2 0.1. * Significantly (P < 0.05) higher in the sorted cells
than in each control by the paired (-test.
Table 1. Lack of additive effects of PTH and ISO on the adenylate
cyclase of the sorted cells
Control ISO PTH PTH plus ISO
Exp pmol cAMP formed/mg protein/30 mm
1
2
3
4
8.5 0.5
47.1 3.6
5.0 1.2
5.2 1.8
11.4 0.4
57.4 9.0
9.1 2.4
8.0 0.9
15.4 0.7
60.7 6.4
10.1 2.2
11.7 1.7
12.9 1.0
62.9 7.9
8.8 1.0
10.0 3.0
In this series of additive experiments, the control values were 16.5
8.9 pmol cAMP formed/mg proteinl30 mm, and PTH and ISO sensitive
ACase activites were siginificantly (P < 0.05) higher than the control
values by the variance analysis. Each group (N = 3) is indicated by the
mean SE.
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